Within the aortic valve (AV) leaflet resides a population of interstitial cells (AVICs
Introduction
Aortic valve ͑AV͒ leaflet interstitial cells ͑AVICs͒ are a heterogeneous group with characteristics of smooth muscle and fibroblasts ͑i.e., myofibroblasts͒. As the most numerous AV cell type, the AVIC population constitutes ϳ30% volumetric density in mice leaflets ͓1͔, and in AVIC isolated from human leaflets, ϳ78% expressed smooth muscle ␣-actin ͓2͔. Their unique profiles of cell-cell and cell-ECM adhesion molecule expression ͓3,4͔, as well as the observation that age-related decreases in AVIC number accompany collagen fiber degeneration ͓5͔, suggest that AVICs are responsible for maintaining the valvular extracellular matrix ͑ECM͒. Recently, Merryman et al. ͓6͔ measured the stiffness of interstitial cells isolated from the leaflets of all four heart valves using micropipette aspiration and correlated it with smooth muscle ␣-actin and heat shock protein-47 ͑HSP47, a measure of collagen biosynthetic activity͒. Results suggested that interstitial cells respond to local tissue stress by altering cellular stiffness and biosynthetic levels.
At the tissue level, Chester et al. ͓7͔ exposed strips of AV leaflets to high KCl ͑90 mM͒ and endothelin levels under uniaxial tension, with both treatments generating modest force levels ͑cir-cumferential direction: 0.31-0.66 mN, radial direction: 0.11-0.23 mN͒. From these results, it was speculated that these AVIC generated forces may subtly modulate leaflet motion during the opening/closing phases. Based on these novel findings, our laboratory utilized bidirectional flexure to reveal insights into how the AVIC population can alter native leaflet stiffness at the low strain levels experienced in bending ͓6͔. These results indicated that changes in AVIC stiffness depended on bending direction and thus indicated layer specific behaviors. Further, a significant basal tone was observed and quantified for the first time. The results of both studies indicate that while the AVIC mechanical contribution to the leaflet tissue biomechanical behavior is negligible, AVICs are clearly tightly bonded to the surrounding ECM. As observed in vascular smooth muscle cells ͓8͔, we speculated that the contractile properties of AVICs are related to their role in managing ECM formation and strongly influenced by the local stress environments of the valve leaflet.
We have recently demonstrated that AV layers have substantially different mechanical properties, partly due to their different structures ͓9͔ and the presence of residual strains ͓10,11͔. These results suggest that AVICs located in different layers may be exposed to different strains during the cardiac cycle. This led us to speculate that tissue-level structural changes observed under increasing transvalvular pressure ͑e.g., collagen fiber rotation, straightening, and compaction ͓9͔͒ transduce concomitant strains to the embedded AVICs. Quantitative knowledge of how AVICs respond to tissue-level stress is thus a necessary step in understanding and modeling how organ level stresses are translated to cellular-level events. Yet, how the valvular tissue ECM strains are transmitted to the AVIC and the resulting deformations are, to date, unknown. These considerations led us to hypothesize that AVIC deformations might provide key insight into a broad spectrum of questions related to cell/ECM interactions, including but not limited to mechanisms of native AV homeostasis and pathophysiologic degeneration. A first step in these goals is the quantification of AVIC deformations in the native valve.
In the present study, we investigated the relationship between quasi-static physiological levels of transvalvular pressure and AVIC deformation. This was accomplished by analyzing histological sections taken from porcine aortic heart valves fixed under varying controlled pressures ͓9͔. Since the deformation of a complete cell ͑i.e., membrane, cytoplasm, and nucleus͒ within intact tissues is complex and not fully understood, we choose to utilize the change in AVIC nuclear aspect ratio ͑NAR͒ as an index of overall cellular deformation. We also quantified the distribution of AVIC NAR in each layer. Finally, we performed finite element ͑FE͒ simulations incorporating AVIC/ECM interactions to gain insight into how the mechanical behavior of native AV leaflet tissues is linked to AVIC deformation.
Methods
Histological Preparation and Database. All tissue sections were taken from a previous study by Sacks et al. ͓9͔ , where methods have been fully described. In brief, fresh porcine aortic heart valves were shipped in chilled physiological saline, and the aortic root-valve complex was removed immediately upon arrival. Care was taken to remove as much of surrounding myocardium as possible from the root area, and the coronary arteries were closed with sutures. After this preparation, each AV was mounted into a device that allowed for a steady pressure head while the valves were fixed at a preset transvalvular pressure level. The device was then flooded with a fixative solution consisting of 0.5% glutaraldehyde in phosphate buffered saline ͑PBS͒, in which the AV was complete submersed. In order to provide physiological loading to aortic valve, tissue pairs of valves were fixed at pressures of 0 mm Hg ͑i.e., free floating͒, 1 mm Hg, 2 mm Hg, 4 mm Hg, 60 mm Hg, and 90 mm Hg, yielding a total of six leaflets per pressure level. After fixation, the collagen architecture of each AV leaflet was quantified using small angle light scattering ͑SALS͒. Next, rectangular ͑1 ϫ 4 mm 2 ͒ tissue sections were dissected from the central belly region oriented with their long dimension parallel to the circumferential axis ͑Fig. 1͒, which is coincident with the collagen fiber preferred direction. The specimens were stained using hematoxylin and eosin ͑HE͒ or Masson methods. A total of 48 slides were assessed for all transvalvular pressure levels.
An advantage of using the specimens from our previous study ͓9͔ is that it allowed direction quantitative comparisons between changes in AVIC NAR with collagen fiber alignment. To simplify the present analysis, we converted the previous orientation index ͑OI͒ to a normalized orientation index ͑NOI͒ scale as follows. The OI is defined as an angular width that contained 50% of all fibers ͓12,13͔. Since the upper bound of the OI is 90 deg for a completely random fiber network, the NOI is defined here NOI = ͑90 deg− OI͒ / 90 deg. Thus, a NOI of 1 indicated that the collagen fibers in the tissue were perfectly aligned and a NOI of 0 indicated completely random fiber alignment.
Histological Section Imaging. The valve anatomical directions, circumferential ͑C͒, radial ͑R͒, and transmural ͑T͒ axes were used for the local coordinates in all specimen ͑Fig. 1͒. Each histological slide contained three sequentially cut sections cut in the C-T plane ͑Fig. 1͑b͒͒. Five overlapping photomicrographs ͑400ϫ magnification, 1 pixel= 0.4 m͒ covering the complete thickness ͑including three leaflet layers: fibrosa, spongiosa, and ventricularis͒ were obtained ͑Fig. 2, Table 1͒ . In addition to the 2D histological sections, we also utilized a representative digital volumetric image ͑DVI͒ of a 1ϫ 1 mm 2 section taken from a porcine aortic valve fixed at 0 mm Hg from the central belly region ͑Fig. 1͑b͒͒. This was done to provide radial-transmural crosssectional supplementary information for three-dimensional computations of nuclear geometry. The DVI image was prepared through visualization and analysis software RESVIEW 3.2 ͑Resolu-tion Sciences Corporation, Corte Madero, CA͒ and provided a digital three-dimensional virtual replica of the native aortic valve tissue sample. Details of this approach have been presented in Gloeckner ͓14͔.
Image Processing. All AVIC nuclear dimensions were quantified from the photomicrographs along the transmural ͑C-T plane͒ plane. Since the view range of the microscope was limited, a panoramic image was required to cover all three layers. In order to achieve the best quality for panorama image generation, 50-70% range of overlapping was required along the transmural direction; detailed imaging methods were described by Engelmayr et al.
͓15͔.
A total of 720 panoramic photomicrographs were digitized resulting in 142,560 AVIC nuclear geometries acquired ͑Table 1͒.
From the 3D DVI images, we noted that elliptic AVIC nuclei of the histological sections we utilized were consistently observed to lie within the C-R plane ͑Fig. 1͑b͒͒ and were generally aligned near the C-T axis ͑Fig. 2͑b͒͒. Since the AVIC nuclei were often observed sectioned offset from their centroid ͑Fig. 2͑b͒͒, direct usage of dimensional measurements would not lead to meaningful results. However, since AVIC nuclei were observed to be aligned to the C-R plane, the aspect ratio of elliptical sections taken orthogonal to the long axis will be maintained regardless of section plane orientation. Thus, the AVIC NAR was chosen as a twodimensional measurement of nucleus shape rather than the unidimensional values of absolute nucleus length and width alone.
The major and minor axis lengths of the deformed AVIC nuclei were quantified using SigmaScan ͑SPSS, Inc., Chicago, IL͒ ͑Fig. 2͑b͒͒. In addition, based on the available AVIC NAR data in the C-T ͑measured from the histological sections͒ and the C-R planes ͑measured in the DVI data for 0 mm Hg only͒, we utilized an ellipsoidal nuclear geometry, in which a, b, and c were the major axis lengths in the circumferential, radial, and transmural directions ͑Fig. 1͑b͒͒. Assuming incompressibility, we converted the C-T NAR data to overall changes in nuclear geometry. Finally, in order to correlate the relationship between the valve tissue layer and cellular deformation, the AVIC nucleus spatial location in the transmural direction was determined and expressed as a normalized thickness.
Statistical Analyses. Statistical comparisons were performed to correlate the effects of transvalvular pressure on AVIC nuclear geometry from the available histological specimen database ͑Table 1͒. All statistical data analyses were performed using SYS- 
Finite Element Simulations of Aortic Valve Interstitial Cell
Nuclear Aspect Ratio. In addition to performing experimental studies, we also sought to gain insight into how mechanical forces and deformations are transmitted from the AV leaflet tissue to the AVIC by developing the following tissue-level model. A twodimensional finite element model of the central region of the AV leaflet was developed, wherein in a small representative volume element ͑RVE͒ of the lower belly region of the leaflet was simulated ͑Fig. 3͒. First, in order to apply physiological loads to the RVE model, we assumed that the central region of the AV leaflet was spheroidal ͑radius ϳ10 mm ͓17͔͒, so that transvalvular pressures applied to the valvular model could be transformed into a local biaxial tension states through the Laplace law ͑Fig. 3͑a͒͒. Thus, for a transvalvular pressure ͑TVP͒ of ϳ90 mm Hg the resulting tension is T =60 N/ m. This value corresponds to the peak physiological tissue stress of 120 kPa in the belly region assuming a thickness of 0.5 mm ͓18,19͔. An equibiaxial loading state was applied at the boundaries, using an equivalent force of 0.6 N.
Though leaflet is composed of multiple layers, for simplicity the leaflet was modeled as a single layer ͑representing the fibrosa͒. We assumed that the size of the RVE model ͓20,21͔ is relatively small such that model contains only one VIC nucleus and surrounded by the ECM, as justified by the spatial distribution of AVICs in the leaflet ͑Fig. 2͑b͒͒. Specifically, we chose the dimensions of the RVE model to be 100 m ϫ 100 m ϫ 0.5 mm, with the thickness based on available data ͓10͔. The AVIC/nucleus was simulated as a single phase ellipsoidal inclusion, with the AVIC nucleus/ECM boundary assumed to be perfectly bonded, i.e., displacements are continuous over the edge of the VIC nucleus. To specify the AVIC nucleus shape, we noted that at 0 mm Hg pressure an average AVIC NAR of 1.8 was observed in the C-T plane. Utilizing an ellipsoidal geometry and assuming incompressibility as noted above, we computed an AVIC NAR of 1.35 in the R-C direction. Thus, we modeled the elliptic AVIC nucleus with dimensions 7.5 m in the radial direction ͑set as a reference length͒ and 9.75 m in the circumferential direction ͑Fig. 3͑b͒͒. Eightnode quadrilateral and six-node triangle reduced-integration plane-stress elements were used in the RVE model with number of 1674 elements ͑Fig. 3͑b͒͒.
Assignment of the material model and mechanical properties for the tissue and AVIC nucleus were determined as follows. For the tissue, we utilized a structural constitutive model and material parameters for the native aortic valve leaflet ͓22͔. Details of the FE implementation of the structural constitutive model have been recently presented ͓23͔. Although the FE model was originally formulated to utilize a fiber recruitment model, for the present study, we utilized the "effective" exponential collagen fiber model ͓22͔ to simplify computations.
Currently, we do not have direct measurements of the AVIC nucleus mechanical properties. We have recently estimated the effective elastic modulus E of all heart valves interstitial cells using the micropipet aspiration technique ͓6͔. Under the assumption of incompressible linear elasticity ͓24͔, effective mean modulus of 0.449± 0.024 kPa was obtained. This model assumed the cell to be a homogeneous material while ignoring discontinuities ͑organelles, nucleus, etc.͒ and viscous effects from the cytosol. In the present model, to account for large deformations we thus choose a neo-Hookean hyperelastic material with G = 0.4 kPa fol- The final displacements in the circumferential and radial directions of the deformed AVIC nuclei under 1 mm Hg, 2 mm Hg, 4 mm Hg, 60 mm Hg, and 90 mm Hg were generated from the finite element solver ͑ABAQUS 6.3, Hibbitt, Karlsson & Sorensen, Inc., Pawtucket, RI͒. Final major axis lengths were then calculated through determined displacements. Circumferential and radial stretches, 1 and 2 , were calculated from the final major axis lengths divided by the original major axis lengths, and 3 was calculated by using the incompressibility assumption ͑i.e., 3 =1/ ͑ 1 2 ͒͒. The predicted AVIC NARs in the circumferentialtransmural directions were then calculated by a/c, in which a and c were defined previously.
Transmission Electron Microscopy.
To demonstrate connectivity between the AVIC membrane and surrounding ECM, specimens of AV were prepared for TEM using methods similar to a previous study ͓27͔. Specimens were fixed with 2.5% glutaraldehyde, trimmed to a length of 1 mm, postfixed with 1% osmium tetroxide ͑1 h͒, 1% uranyl acetate in maleate buffer ͑1 h͒, and dehydrated with graduated concentration of ethanol and propylene oxide. Specimens were then infiltrated and embedded in epon ͑po-lymerized at 60°C for 48 h͒. Ultrathin sections ͑85 nm thick͒ were cut using an ultramicrotome ͑Reichert Ultracut; Leica Microsystems GmbH, Wetzlar, Germany͒ mounted on uncoated grids, and stained with uranyl acetate and lead citrate. Specimens were then observed with a JEOL 1210 TEM ͑JEOL USA, Inc., Peabody, MA͒.
Results
Aortic Valve Interstitial Cell Nuclear Aspect Ratio Transmural Variations. To delineate layer variations, the AVIC NAR were plotted against normalized leaflet thickness ͑Fig. 4͑a͒͒. Generally, TVP level was found to have a significant effect on NAR values. At 0 mm Hg, the AVIC NAR maintained a constant transmural value of ϳ1.8. In the fibrosa layer ͑normalized thickness range from ϳ0.4 to 1͒, the AVIC NAR at 4 mm Hg slightly increased. Under peak physiological TVP ͑90 mm Hg͒, the AVIC NAR were not only substantially greater than at low-pressure levels but also demonstrated substantial transmural variations. In particular, the NAR exhibited greater increases in the fibrosa layer ͑ϳ4.8 compared to ϳ3.0 for the ventricularis layer, Fig. 4͑a͒͒ , which were statistically larger than both the corresponding 90 mm Hg ventricularis and lower pressure NAR values ͑p Ͻ 0.05͒.
The Relationship Between Nuclear Aspect Ratio and Collagen Fiber Architecture. An overall positive trend was found between the AVIC NAR and the degree of collagen fiber alignment as quantified by the NOI ͑Fig. 4͑b͒͒. Rather than observing a simple relationship, we instead noted the following three distinct regions ͑Fig. 4͑b͒͒: Fig. 3 "a… Schematic illustrating an AV leaflet subjected to a uniform tension T at the edge and a uniform pressure p. The model boundary stresses for the RVE were based on the applied external tensions T, and were located at the center of the leaflet. "b… The FE mesh consisting of an AVIC nucleus within leaflet ECM "cell membrane and cytoplasm were considered negligible….
1. An initial region characterized by a large change in collagen fiber alignment and little change in AVIC NAR between 0 mm Hg and 1 mm Hg. 2. A transition region between 1 mm Hg and 4 mm Hg associated with modest changes in both parameters. 3. A steep region between 4 mm Hg and 90 mm Hg associated with a large increase in AVIC NAR but small changes in collagen fiber alignment.
Due to the observed transmural variations ͑Fig. 4͑a͒͒, we subdivided the AVIC NAR results into the ventricularis and fibrosa layers, setting the boundary between both layers to be at ϳ0.35 normalized thickness based on recent data ͓10͔ ͑Fig. 5͒. Although both responses were qualitatively similar, the fibrosa demonstrated a substantially greater rate of NAR change over a smaller range of NOI ͑Fig. 5͒ compared to the ventricularis layer. Specifically, the AVIC NAR at 0 mm Hg in the fibrosa and ventricularis were approximately equal ͑NAR ϳ2͒, and that NOI at 0 mm Hg of the fibrosa layer was significantly larger than one of the ventricularis layer ͑ϳ0.463 versus 0.355͒. Furthermore, the AVIC NAR observed under 90 mm Hg was significantly higher in the fibrosa compared with the ventricularis ͑ϳ5 versus ϳ4͒.
To facilitate visualization of the above NAR data, we utilized the measured mean nuclear dimensions and computed the transmural direction based on the incompressibility assumption. The mildly ellipsoidal shape of the AVIC NAR at 0 mm Hg can be readily observed ͑Fig. 6͑a͒͒. Under 90 mm Hg, the substantial deformations of the AVIC nucleus can be observed ͑Fig. 6͑b͒͒. Nuclear dimensional changes were greatest in the radial direction, consistent with the larger tissue strains in this direction ͓18,19͔.
Finite Element Model Simulations. The peak stretches at the 
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Transactions of the ASME interface if the AVIC nucleus/ECM to the stretches at the model boundary ͑Fig. 3͑b͒͒ indicated that peak stretches at the interface were 1.053 compared to 1.014 at the boundary and 1.655 compared to 1.500 at the boundary for the circumferential and radial directions, respectively. Thus, the presence of the AVIC significantly affects the local tissue deformation ͑under the continuum material assumption͒, and demonstrate how the large disparity in AVIC nuclei and ECM stiffness result in nuclei deformations that do not simply follow local tissue strains. Moreover, local strain distributions indicated local effects of the AVIC in a region of 1-2 cell diameters ͑see details in Huang ͓16͔͒. Given that the apparent cell density of the valvular ECM appears to indicate a mean intercell distance of greater than 2 cell diameters, ͑Fig. 2͑b͒͒, we feel that this result lends support to our model geometry ͑Fig. 3͑b͒͒. When compared to the measured AVIC NAR, the FE model captured the overall trends of the relation between AVIC NAR and TVP ͑Fig. 7͑a͒͒. However, while good agreement was found for 0 mm Hg and 1 mm Hg ͑Fig. 7͑a͒͒, the results for 2 -4 mm Hg pressure levels underestimated the NAR values by ϳ0.5. Larger discrepancies were observed at higher pressures of 60-90 mm Hg, with accompanying errors of ϳ1.0. Parametric studies of various AVIC nuclei material properties indicated that even with these large ranges of mechanical properties, all models exhibited similar behavior ͑Fig. 7͑b͒͒. This is not a surprising result in light of the substantially stiffer valvular ECM.
Discussion
Study Overview. The present study is the first known to the authors to systematically examine the deformation of the valvular interstitial cells within the leaflet under a physiological range of TVPs. The NAR was used as an index for gauging cellular deformations, for which related studies support. For example, Knight et al. ͓28͔ observed that the deformations of compressed chondrocytes were associated with the deformations of their nuclei. They also concluded that the nucleus was stiffer than the surrounding cytoplasm, suggesting that nuclear deformation was representative of the overall chondrocyte deformation. Peeters et al. ͓29͔ found that myoblasts and myoblast nuclei deformed preferably in the same direction, suggesting that structural restrictions to overall cell deformation ͑e.g., the actin cytoskeleton͒ may also apply to the cell nucleus. While it is axiomatic that tissue-induced cellular deformations are involved in regulating cellular mechanobiological responses, actual in vivo cellular deformations are very tissue specific. For example, Screen et al. ͓30͔ measured tenocyte NARs in situ via confocal microscopy of digital extensor tendon fascicles fluorescently labeled for cell nuclei. They reported higher NAR values than those observed in the current study ͑e.g., ranging from ϳ3.5 at 0% strain to ϳ5.25 at 5% uniaxial strain͒. They also found lower changes in tenocyte normalized NAR with applied strain ͑ϳ1.8-fold average change compared to 2-2.5-fold average change reported in the present study͒. This is likely due to the much lower tissue strains that typically occur in the tendon compared to heart valve leaflets, which are also subjected to a biaxial stress state. Both the previous and current studies underscore the need to perform cell/tissue specific measurements.
An important assumption in the present study was that the AVIC are tightly bound to the local ECM. While direct measurements of AVIC-ECM adhesion strength do not presently exist, the principal adhesion molecules associated with AVIC-ECM interactions have recently been elucidated ͑i.e., ␣ 2 ␤ 1 and ␣ 3 ␤ 1 integrins ͓3͔͒, and AVICs are known to be capable of producing measurable tissue-level forces ͓7,31,32͔, suggesting that AVICs are tightly bound to the leaflet ECM. To help provide insight into AVIC/ECM interactions, we obtained TEM images of porcine AV interstitial cells ͑Fig. 8͒. We found that that the AVICs were closely integrated with the ECM, suggesting that ECM deformations are readily transformed to AVIC via direct contact and mechanical interactions. While it is not known how the resulting ECM deformations are passed to the AVIC nuclei by the AVIC cytoskeleton network, the large nuclear deformations observed in the present study suggest that the AVIC cytoskeleton network is relatively stiff and that nuclear deformations are a good index of overall AVIC deformation.
Aortic Valve Interstitial Cell Aspect Ratio/Leaflet Extracellular Matrix Mechanical
Interactions. An important observation of the present study was the nonlinear relationship between AVIC NAR and collagen fiber alignment ͑as quantified by the NOI͒ ͑Fig. 4͑b͒͒. Given the complex tissue microstructure found in collagenous tissues ͓33,34͔, this is not a surprising result. In particular, collagen fiber crimp common to all collagenous tissues will likely induce a nonhomogeneous strain field within the tissue. Yet, the three-phase response observed for the AV leaflet ͑Fig. 4͑b͒͒ suggests additional mechanisms likely play a role.
Specific insights into the AVIC/ECM micromechanical interactions can be inferred from the AVIC NAR-NOI relation ͑Fig. 4͑b͒͒, which are summarized in Fig. 9 . First, we observed substantial increases in NOI ͑i.e., large increases in fiber alignment͒ with little change in AVIC NARs for 0 mm Hg to 1 mm Hg TVPs. Here, as the constituent fibers straighten primarily via rotation under strain ͑inducing an increase in NOI͒, there is little direct influence on the AVIC. Thus, AVICs may be simply moved in a rigid body like fashion during the initial reorganization of the ECM constituents as the leaflet tissue is initially stretched. Next, at the 1 -4 mm Hg pressure levels, there are small changes in NOI with increased measured AVIC NAR. This suggests that only once the collagen fibers straighten do the AVICs initially begin to de- 
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Transactions of the ASME form. Next, we know that the AV collagen fibers are mostly straightened at ϳ4 mm Hg ͓9,35,36͔, with only minimal changes in collagen alignment at greater pressures. Yet, the greatest changes in AVIC NAR occurred at pressures above 4 mm Hg. Thus, continued deformation of the AVIC nucleus was likely due to fiber-compaction effects that occur only when the collagen fibers are fully straightened when the valve leaflets are coapted.
Layer Specific Responses. Although starting from the same initial geometric state at 0 mm Hg TVP, at all subsequent pressure levels, the AVIC NAR was higher in the fibrosa compared to the ventricularis ͑Figs. 4 and 5͒. This may be due to substantial difference in the layer mechanical properties ͓10͔, which result due to the high elastin content and prestretch of the ventricularis ͓35,37͔. The high elastin content may serve to dampen the coupling between the AVIC/ECM. Yet, at TVPs ജ60 mm Hg, both layers exhibited similar total effective collagen fiber alignment ͑i.e., similar NOI values ͓9͔͒, yet demonstrated different AVIC NAR values ͑Fig. 5͒. This result suggests that other factors, such as the local collagen fiber density and the specific microarchitectures of the leaflet layers ͑Fig. 6͒, may play a role in altering the local AVIC microenvironment.
Finite Element Simulations: The Effects of Aortic Valve Interstitial Cell Boundary Conditions and Mechanical
Properties. In the present study, we choose a neo-Hookean mechanical property model for the AVIC nucleus. Overall, this model predicted the trend of measured AVIC NARs ͑Fig. 7͑b͒͒. This result supports the assumption of tight coupling to the surrounding ECM, in agreement with previous studies ͓38͔ and the TEM results ͑Fig. 6͒. However, we did not explicitly model the AVIC cell membrane and cytoplasm. Atomic force microscopy ͑AFM͒ results recently performed in our laboratory on AVICs ͓39͔ indicated that the cell stiffness immediately over the nucleus was on average 3.5 times stiffer than the periphery of the cell. Moreover, the FE model appeared to be insensitive to AVIC nuclear mechanical properties, which is not surprising given the large disparity between AVIC and ECM stiffnesses. Related studies demonstrated similar trends, such as the work by Guilak et al. ͓40͔ who estimated the viscoelastic properties of mechanically and chemically isolated nuclei of articular chondrocytes using micropipet aspiration in conjunction with a theoretical viscoelastic model. Isolated nuclei behaved as viscoelastic solid materials similar to the cytoplasm, but were three to four times stiffer than and nearly twice as viscous as the cytoplasm. Caille et al. ͓41͔ subjected endothelial cells to compression between glass microplates. This technique allowed measurement of the uniaxial force applied to the cell and the resulting deformation. Tests were also carried out with nuclei isolated from cell cultures by a chemical treatment. The elastic modulus of the cytoplasm was found to be on the order of 500 Pa for spread and round cells, whereas the elastic modulus of the endothelial nucleus was on the order of 5000 Pa for nuclei in the cell and on the order of 8000 Pa for isolated nuclei.
Taken as a whole, these results suggest that while the AVIC bulk mechanical stiffness is likely lower than that of the nucleus, these differences would not be expected to yield detectable differences in predicted NAR values. As mentioned above, it is more likely that other microarchitectural features of the AV leaflet ECM play a role in altering the local AVIC microenvironment. Additional high-resolution fibril-level studies are required to clarify this important mechanism of AV cellular deformation.
Potential Artifacts Due to Fixation. Chemical fixation processes are widely known to be capable of inducing morphological changes in cells and nuclei, such as shrinkage. In the current study we used NAR ͑i.e., the ratio of the nucleus major axis length to its minor axis length͒ to quantify nucleus shape. As a relative measure of nucleus shape, NAR does not depend on absolute nucleus size. Thus, NAR will be preserved so long as any shrinkage of the nucleus upon fixation is isotropic. In a recent study by Lei et al. ͓42͔ , the aspect ratio of airway smooth muscle cell nuclei was used to quantify smooth muscle cell orientation. Lei et al. ͓42͔ concluded that fixation-related gross shrinkage of the tissue ͑tra-chea, in their case͒ was sufficiently isotropic to use the aspect ratio of the nucleus to measure cell orientation. In a classic paper by Skaer and Whytock ͓43͔, the effects of various fixatives on the morphology of the nucleus was reported. In contrast to other fixatives, glutaraldehyde ͑3%͒ was not observed to result in any swelling or shrinking of the nucleus ͓43͔. In a more recent study by Blanc et al. ͓44͔, 0.6% glutaraldehyde was found to best preserve intracellular structures ͑including the nucleus͒, with little shrinkage or distortion compared with para-formaldehyde. Note that in the current study, 0.5% glutaraldehyde in PBS was used as fixative. Moreover, our FE model predictions of NAR versus pressure closely matched experimental results at low pressure ͑i.e., 1 mm Hg͒, with increasing deviations as the pressure level increased. The close agreement between experimental results and FE model predictions at low pressure suggests that fixation has not affected NAR. The increasing deviations observed at higher pressure levels are likely due to fiber-compaction effects not accounted for by the FE model.
Wider Relevance of Current Study.
A living, autologous tissue engineered heart valve ͑TEHV͒ may be capable of providing a more permanent solution for pulmonary valve ͑PV͒ replacement. Important with respect to the results of the current study, TEHV were able to function at least 20 weeks as PV substitutes in juvenile sheep, exhibiting a trilayered structure reminiscent of the native PV leaflet ͓45͔. In-vitro studies have demonstrated that TEHV cultivated under static conditions displayed insufficient ECM formation for acute hemodynamic function. While more recent studies have relied on stem cells, a more slowly degrading scaffold and longer cultivation times to generate functional TEHV without the use of pulsatile flow ͓45͔, mechanical stimulation has nevertheless been demonstrated to play an important role in accelerating the process of TEHV tissue formation ͓46͔, and thus may play a critical role in future TEHV designs, in particular, within the context of rapidly degrading scaffolds.
A critical question in assessing and modeling the in-vitro TEHV tissue formation process will thus be how do the changes in the constituent cell population NAR relate to static and dynamic mechanotransductions in TEHV. As alluded to above, cells will generally respond to mechanical stimuli in a cell/tissue-dependent manner, and thus optimal biomechanical stimulation conditions determined for any one cell type may not be generally applicable. Our recent study using novel cell microintegrated scaffolds suggests that cellular deformations are comparable in magnitude to that found in the native valvular tissues, but respond differently to tissue-level stains due to the unique scaffold micromechanics ͓47͔. Studies of native valve tissue responses can clearly help guide these studies, as they provide a base line toward which the TEHV remodeling process is likely attempting to emulate.
Summary. In the present study, the in-situ deformation of AVICs were investigated for the first time using porcine aortic valves fixed under 0 -90 mm Hg TVPs. We observed large, consistent increases in AVIC NAR with TVP ͑e.g., from 1.8 at 0 mm Hg to 4.8 at 90 mm Hg transmural average͒, as well as pronounced layer specific variations. Relations to concomitant changes in collagen fiber alignment indicated that little AVIC deformation occurs with the large amount of fiber straightening via rotation that occurs at pressures below ϳ1 mm Hg, followed by modest changes from 1 -4 mm Hg, and finally substantial changes from 4 mm Hg to 90 mm Hg.
A tissue-level FE model was able to capture the qualitative response; however, it underpredicted AVIC deformation at higher TVPs. This suggested that additional micromechanical and fibercompaction effects occur at high pressure levels. The results of this study form the basis of understanding TVP-mediated mechanotransduction within the AV and provide for the first time quantitative data correlating AVIC nuclei deformation with AV tissue microstructure and deformation. It should be noted that the entire AVIC deformation sequence occurs in ഛ75 ms ͓48͔, the time required for the AV leaflet to fully close and reach full TVP. Moreover, AV leaflet strains are maintained for the entire diastolic phase ͑at least 300 ms͒. Thus, the AVIC deformations are also maintained for this period. However, it is unclear to what degree the AVIC's mechanobiological responses are "fine-tuned" for this unique micromechanical environment.
